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A. Introduction: Mammalian Topoisomerase Families, Top1 Functions and Catalytic Mechanisms
Seven topoisomerase genes are encoded in the human nuclear genome (1). The enzymes (abbreviated Topo or Top) have been numbered in the order of their discovery except for the most recent enzyme, mitochondrial topoisomerase I (Top1mt) (2, 3) . Vertebrate cells contain two Top1 (Top1 for the nuclear genome and Top1mt for the mitochondrial genome), two Top2 (Top2α and β) and two Top3 (Top3α and β). The seventh topoisomerase is Spo11, whose expression is restricted to germ cells. Top3α forms heterodimers with BLM (the gene product deficient in Bloom syndrome) and is functionally related to the resolution of post-replicative hemicatenanes and recombination intermediates (4, 5) . Top1 proteins belong to the family of the tyrosine recombinases (which includes λ-integrase, Flip and Cre recombinases), and Top2 is related to bacterial gyrase and Topo IV, which are the targets of quinolone antibiotics.
Topoisomerases and tyrosine recombinases nick and religate DNA by forming a covalent enzyme-DNA intermediate between an enzyme catalytic tyrosine residue and the end of the broken DNA (Fig. 1) . These covalent intermediates are generally referred to as "cleavage (or cleavable) complexes" (Fig. 2) . Topoisomerases have also been classified in two groups depending whether they cleave and religate one strand (type I) or both strands (type II) of the DNA duplex. Type I enzymes include Top1 (nuclear), Top1mt, Top3α and β and type II enzymes include Top2α and β and Spo11.
Top1 is essential in vertebrates and flies but not in yeast. Knocking out the TOP1 gene results in early embryonic lethality in mouse (6) and fly (7) . By contrast, yeast survives in the absence of TOP1 (8) . Top1 is expressed constitutively throughout the cell cycle (9) and is concentrated in the nucleolus (10, 11) . Its main function is to relieve both positive and negative DNA supercoiling generated by transcription and replication, and possibly DNA repair and chromatin remodeling (1, (12) (13) (14) . The mechanistic similarities between Top1 and other tyrosine recombinases suggest that Top1 may also play a role in DNA recombinations (15, 16) . The Top1 recombinase activity has been proposed for the replication of vaccinia (17) and hepadnaviruses (16) . Top1 probably contributes also to RNA splicing by phosphorylating SR proteins (18, 19) .
Top1 relaxes DNA supercoiling in the absence of energy cofactor by nicking the DNA and allowing rotation of the broken strand around the Top1-bound DNA strand ( Fig. 3B -curved arrow) . Crystal structures of Top1 (20) (21) (22) show the enzyme encircling the DNA tightly like a clamp (Fig. 3D) , which accounts for the fact that Top1 controls the processive relaxation of supercoiled DNA (20, (23) (24) (25) . Once the DNA is relaxed, Top1 religates the breaks by reversing its covalent binding. Religation requires the DNA end 5'-hydroxyl-group to be aligned with the tyrosine-DNA phosphodiester bond. Under normal condition, the cleavage intermediates (Figs. 2A and 3B) are transient and religation is favored over cleavage.
B. Induction and stabilization of
Top1 cleavage complexes by camptothecin and anticancer drugs and by carcinogens and endogenous DNA lesions
The normally transient Top1 cleavage complexes can be converted into potential DNA lesions. Stabilization of the cleavage complexes generally results from misalignment of the 5'-hydroxyl-DNA end. Misalignments can be generated by drugs bound at the interface of the enzyme and broken DNA (26, 27) and by alterations of the DNA substrate (Table 1 and Fig. 4A ).
Camptothecins and noncamptothecin Top1 inhibitors trap Top1 cleavage complexes by binding at the enzyme-DNA interface ( Fig. 3D-E) (22, (28) (29) (30) . Hence Top1 inhibitors represent a paradigm for "interfacial inhibitors" (26, 27) . Interfacial inhibition has recently been shown to account for the molecular mechanism of inhibition of many natural products that block specific conformational states of macromolecular complexes. Aphidicolin and Top2 inhibitors have also been proposed to follow the interfacial inhibition paradigm (26, 27) .
Two camptothecin derivatives are used in cancer therapy: hycamtin (Topotecan ® ) and CPT-11 (Irinotecan; Camptosar ® ) (31) . CPT-11 is an inactive prodrug. It needs to be converted to its active metabolite SN-38. Hence, it is preferable to use SN-38, topotecan, or camptothecin for pharmacological studies.
Additional camptothecin derivatives are in preclinical and clinical development (32) .
Two key pharmacological properties of camptothecins need to be stressed. First, camptothecins bind reversibly to the Top1 cleavage complexes. Under pharmacological conditions, a rapid equilibrium is established between the ternary drug-enzyme-DNA complex and the dissociated complex. Hence, once camptothecins are diluted out and removed from cell culture, the cleavage complexes reverse rapidly (33) . The equilibrium can be shifted toward religation by increasing the temperature to 65 o C and the salt concentration (≥ 0.35 M NaCl) in biochemical reactions. Salt-reversal is commonly used to study the "on" and "off" rates of Top1 cleavage complexes under various conditions [for recent example see (34) ]. A second key pharmacological feature of camptothecins is the trapping of only a subset of the existing Top1 cleavage complexes, i.e. those with a guanine at the 5'-end of the break (+1 position -see Fig.  3 ) (35, 36) . Indenoisoquinolines (Fig. 3F) on the other hand tend to stabilize those cleavage complexes with a cytosine at the 3'-end of the breaks (-1 position) (34) . This sequence selectivity explains why camptothecins are relatively poor Top1 catalytic inhibitors as a fraction of the Top1 cleavage complexes (those not bearing a guanine +1) are immune to the drugs. It also explains why camptothecins only reveal a subset of the Top1 sites and should not be used alone to map all the Top1 cleavage complexes in a given DNA or chromatin segment.
Top1 cleavage complexes can be trapped by endogenous and frequent DNA lesions including abasic sites, mismatches, oxidized bases, nicks and carcinogenic DNA adducts (37) ( Fig. 4A ). Finally, we recently found the formation of Top1 cleavage complexes during apoptosis (42-45), which we have been explained by the trapping of Top1 by chromatin modifications (primarily due to reactive oxygen species).
C. Conversion of Top1 cleavage complexes into DNA damage
Cleavage complexes induced by DNA modifications that induce pronounced DNA structural alterations (abasic sites, mismatches, breaks) can be irreversible (Fig. 4A , Table 1 ). Such irreversible cleavage complexes have been referred to as "suicide complexes" (46, 47) . They constitute composite DNA lesions associating disruption of the DNA backbone (break on one or both strands) in association with a large protein covalently bound to the 3'-end of the broken DNA (Top1 is a 100 kDa protein). Reversible cleavage complexes can also produce irreversible cleavage complexes after processing by DNA and RNA polymerases ( Fig. 4B and C) . Thus, both DNA and RNA synthesis convert reversible cleavage complexes into DNA lesions. The relative contribution of DNA replication and transcription depends on the camptothecin concentration and the cell type. In highly proliferative cancer cells, replication-induced DNA damage contributes to most of the cytotoxicity at low camptothecin doses, whereas transcription-induced DNA damage contributes to the cytotoxicity of high doses of camptothecin (48, 49) . In nondividing  cells  (neurons  and  lymphocytes) transcription-induced damage can kill cells at pharmacological concentrations (50, 51) . Camptothecin-induced Top1 cleavage complexes can readily be converted into replication double-strand breaks (Rep-DSB) (Fig. 4B) as demonstrated by: i) analyses of the broken ends by ligation-mediated PCR (52) showing the extension of the leading strand up to last nucleotide [leading to blunt-ended DSB by "replication run-off" (52)], and ii) rapid phosphorylation of histone H2AX (referred to as γ-H2AX) (53), which is a hallmark for double-strand breaks (54, 55) . Inhibition of DNA synthesis occurs within minutes following camptothecin treatment. It is intense (≥ 80%) and persists for several hours following drug removal (56) . At least two mechanisms lead to DNA synthesis inhibition: i) direct block of replication forks that have collided with the Top1 cleavage complexes (Fig. 4B) , and ii) indirect replication arrest by S-phase checkpoint activation. The checkpoint implication is consistent with the fact that the checkpoint abrogator 7-hydroxystaurosporine (UCN-01) prevents inhibition of DNA synthesis by camptothecins (56) (57) (58) . The lethality of the replication double-strand breaks stems from the fact that when DNA synthesis is inhibited by aphidicolin, a specific inhibitor of replicative DNA polymerases (59) , cells become immune to camptothecin in spite of their ability to form reversible cleavage complexes (48, 49) . Similarly, aphidicolin prevents the formation of γ-H2AX foci in camptothecin-treated cells (53) .
Camptothecin is a potent inhibitor of both nucleoplasmic (mRNA) and nucleolar (rRNA) transcription (60) (61) (62) . Although the overall level of transcripts decreases rapidly following Top1 inhibition, specific genes are differentially affected. For example, camptothecin causes a strong holdback of the endogenous c-myc gene at the P2 promoter, whereas it produces minimal effect on an episomal c-myc gene or on the basal transcription of the Hsp70 and Gapdh genes (63) . Camptothecin also enhances the expression of a large number of genes including c-fos (63) (64) (65) (66) . Transcription inhibition is primarily due to transcription elongation blocks by trapped Top1 cleavage complexes (Fig.  4C ), which is a high probability event considering that Top1 is associated with transcription complexes (12) . Camptothecin has little effect on transcription initiation (11, 67) . It has been proposed that the elongating RNA polymerase collides with trapped Top1 cleavage complexes on the transcribed strand, resulting in the conversion of reversible Top1 cleavage complexes into irreversible strand breaks (Fig. 4C) (68, 69) . Inhibition of Top1 catalytic activity by camptothecins might also inhibit transcription by producing an accumulation of positive supercoils upstream from the elongating RNA polymerase (63, 70) and by compacting chromatin domains (70) (71) (72) . The transcriptional effects of camptothecins could also be related to functions of Top1 besides its DNA nicking-closing activity. Top1 regulates transcription initiation by interacting with TATA binding proteins (73, 74) , and phosphorylates/activates RNA splicing factors from the SR family (19) .
By contrast to replication (56), transcription inhibition recovers rapidly following camptothecin treatment (62, 67, 75) . Recovery of RNA synthesis depends both on degradation of Top1 and functional transcription-coupled nucleotide excision repair (TC-NER) (75) . Tumor cells that are deficient in Top1 degradation following camptothecin treatment, and Cockayne syndrome cells that are deficient in TC-NER are hypersensitive to camptothecin (76, 77) , suggesting the importance of transcription-coupled DNA repair for RNAsynthesis recovery and cell survival in response to Top1-mediated DNA damage.
D. Repair of Top1-associated DNA damage
The molecular mechanisms/pathways involved in the repair of Top1-associated DNA damage are better understood than for Top2. Because camptothecin can be readily used in yeast, multiple pathways have been uncovered. We will consider three main repair pathways: i) Reversal of the covalent Top1-DNA complexes by 5'-end religation, ii) Top1 excision by Tdp1, and iii) Top1 excision by endonucleases. In spite of an apparent redundancy, it remains to be determined which pathways are preferred or selective for the Top1-associated DNA damages represented in Figure 4 .
I. Reversal of Top1-DNA covalent complexes by 5'end religation (Fig. 5A) Top1-mediated DNA religation requires that the intact 5'-hydroxyl end be aligned with the 3'-end bonded to Top1 for nucleophilic attack of the tyrosylphosphoester bond (see Fig. 1B ). Thus, this pathway/mechanism excludes the Top1 suicide complexes generated by DNA lesions affecting the 5'-end of the broken DNA ( Fig. 4A and Table 1) unless they are repaired first. Top1 religation can be envisaged for the replication and transcription breaks ( Fig. 4B and C) following regression ("pull-back") of the replication or transcription complexes (Fig.  5A) .
Replication fork regression could generate a "chicken foot" [see Fig. 6 Table  2 ).
In the case of transcription, blocked RNA complexes might be displaced ("pull-back" mechanism) from the Top1 cleavage complexes without removal from the transcribed DNA. Transcription elongation restart can finish the incomplete mRNA. Rad26 (the yeast homologue of CSB) and TFIIS have been implicated in the backtracking of RNA polymerase II (83) . RNA polymerase II can also be degraded following camptothecin treatment but this process is limited to some cell types and delayed as compared to RNAsynthesis recovery (75) .
Because Top1 is very effective in joining a 5'-hydroxyl end from a nonhomologous substrate to the Top1 covalent complex, Top1 cleavage complexes might reverse by religation of a non-homologous end, which leads to DNA recombinations (84) . Camptothecin is indeed a potent inducer of sister chromatid exchanges and chromosomal abnormalities (85) (86) (87) . Top1-mediated 5'-end ligation with vaccinia Top1 is commonly used for cloning recombinant genomes (TOPO cloning kit; Invitrogen, Carlsbad, CA).
II. Top1 excision by Tyrosyl-DNAphoshodiesterase (Tdp1) (Fig. 5B)
Tdp1 was discovered by Nash and coworkers (88) as the enzyme capable of hydrolyzing the covalent bond between the Top1 catalytic tyrosine and the 3'-end of the DNA (89) . Tdp1 generates a 3'-phosphate, which is further processed by a 3'-phosphatase, such as PNKP (hPNK) (Fig. 5B) .
Tdp1 belongs to the phospholipase D superfamily (90) of phospholipid hydrolyzing enzymes. It is ubiquitous and highly conserved in eukaryotes (from yeast to humans -see Tables 2-4 ). Tdp1 is physiologically important since the homozygote mutation H493R causes spinocerebellar ataxia with axonal neuropathy (SCAN1) (91) . SCAN1 cells are hypersensitive to camptothecin (92-94) ( Table 2 ) and ionizing radiation (95), but not to etoposide or bleomycin (94) . The budding yeast TDP1 knock out is viable (88) and hypersensitive to high levels of Top1 cleavage complexes generated by overexpression of a toxic Top1 (96) . It is hypersensitive to camptothecin only when the checkpoint gene Rad9 is simultaneously inactivated (96) or when some endonuclease pathways (Rad1/Rad10 and Slx1/Slx4) are inactive (97) (98) (99) (Table 3) . Because Tdp1 specifically processes 3'-but not 5'-tyrosyl-DNA complexes (88, 89) , Tdp1 cannot hydrolyze the cleavage complexes produced by other topoisomerases besides Top1 (see Fig. 2 ). However, Tdp1 function is probably not limited to the repair of Top1 cleavage complexes. Tdp1 can remove 3'-phosphoglycolate ( Fig. 6D ) generated by oxidative DNA damage, which suggests a broader role for Tdp1 in the maintenance of genomic stability (100).
Human Tdp1 acts as a monomer and crystal structures demonstrate the presence of two catalytic domains related by a pseudo-2-fold axis of symmetry (101) (102) (103) . Each domain contains 3 conserved HKN residues (H263, K266 and N283 and H493, K495 and N516 (equivalent to the "HKD motifs" of phospholipases) (101, 102, 104) forming a catalytic network with two water molecules critical for Tdp1 activity (90, 91) . Tdp1 hydrolyzes the DNA phosphotyrosine bond in two consecutive SN2 reactions ( Fig. 6B-C) . In the first reaction, H263 of the first HKD motif releases the Top1 tyrosine from the phosphodiester by forming a transient covalent phosphoamide bond between the Nε2 atom of the nucleophilic H263 and the 3'-end of the DNA (Fig. 6B ). Mutating H263 totally abolishes Tdp1 catalytic activity (90) . In the second reaction, H493 from the second HKD motif catalyzes the nucleophilic attack of the phosphoamide bond by a water molecule. This regenerates Tdp1 and produces a 3'-phosphate DNA end (90) (Figs. 6C and 5B). The SCAN1 mutation H493R affects preferentially the second step of the reaction, which leads to an accumulation of Tdp1-DNA covalent intermediate and reduces Tdp1 catalytic activity ≈ 25-fold (94, 105) . Interthal, Champoux and coworkers have recently shown that wild-type Tdp1 can hydrolyze the phosphoamide Tdp1-DNA covalent intermediate ( Fig. 6B ) (105) , and proposed that lack of symptoms in SCAN1 heterozygote carriers might be due to the release of these covalent intermediates by the coexisting wildtype Tdp1 (Fig. 6D ). They also proposed that the covalent Tdp1-DNA intermediates rather than deficient Tdp1 catalytic activity might be responsible for DNA damage leading to SCAN (105) .
Both the structure of the DNA segment bound to Top1 (88, 106) and the length of the Top1 polypeptide chain determine Tdp1's activity (106) . Optimum Tdp1 activity requires: 1/ a DNA segment consisting of at least a few nucleotides (106); 2/ an exposed phosphotyrosyl bond at the Top1-DNA junction [a tyrosyl group linked to the 3'-end of a nick is a poor substrate (96) , indicating that Tdp1 acts after the 5'-end of the broken DNA has been either digested or displaced to provide access to the 3'-phosphotyrosyl bond]; and 3/ a short Top1 polypeptide segment, as the effectiveness of Tdp1 decreases with the length of the Top1 polypeptide (106) . In fact, Top1 needs to be proteolyzed or denatured for efficient Tdp1 activity (89, 105, 106) . Top1 ubiquitination and degradation have been observed following camptothecin treatment (107, 108) . The Top1 degradation pathway appears selectively deficient in transformed cells, although not all transformed cells appear equally able to proteolyze Top1 following camptothecin treatment (77). Such differences have been proposed to contribute to camptothecin resistance (77) . A recent structure of Tdp1 bound to a tyrosine-containing peptide demonstrate that both the DNA and the Top1 polypeptide need to adapt their structure to bind Tdp1 in the crystal structure (103) . The DNA binds in a narrow groove that fits a single-stranded substrate and the short Top1 polypeptide is folded differently from the native Top1 (103) . Recently, an alternative model has been presented for duplex DNA, which can also be processed effectively by Tdp1 (88, 106, 109) .
The 3'-phosphate ends generated by Tdp1 need to be hydrolyzed to a 3'-hydroxyl for further processing by DNA polymerases and/or ligases (Fig. 5B) . In budding yeast, this 3'-phosphatase activity is carried out by Tpp1 (110) and by the two functionally overlapping multifunctional apurinic (AP) endonucleases, Apn1 and Apn2 (97) (see Fig. 8A ). Apn1 is the ortholog of E. coli endonuclease IV and represents the major yeast AP endonuclease. Apn2 (also called Eth1) belongs to the second family of AP endonuclease (the E. coli exonuclease III family), and is the ortholog of Ape1 in humans. Simultaneous inactivation of Tpp1, Apn1 and Apn2 is required to sensitize yeast to camptothecin (110) , indicating the functional redundancy of the 3'-phosphatase pathways. Noticeably, the hypersensitivity of the tpp1 apn1 apn2 triple mutant is rescued by inactivation of Tdp1 (111) , which indicates that in the absence of Tdp1, budding yeast uses an alternative endonuclease pathway for removal of the Top1 covalent complexes (see Figs. 5C and 8A, and next section). The 3'-phosphatase orthologs of Tpp1 are Pnk1 in fission yeast (112) and PNKP (also referred to as hPNK) in humans (110, 113, 114 ) (see Tables 2-4) . In addition to their 3'-phosphatase activity, Pnk1 (112) and PNKP/hPNK (113, 114) possess 5'-kinase activity, which is missing for Tpp1. Stable downregulation of human PNKP (hPNK) sensitizes to camptothecin (Table 2) , ionizing-and UV-radiation, H 2 O 2 and UV, and increases spontaneous mutation frequency (115) .
In humans, Tdp1 and PNKP form a multiprotein complex with XRCC1, poly(ADP)ribose-polymerase (PARP), β-polymerase and ligase III (116, 117) (Fig. 5B, bottom) . This complex contains the critical elements for base excision repair. Mammalian cells deficient for XRCC1 or PARP are also hypersensitive to camptothecin (Fig. 7) ( Table 1) (78, 116, 118) . The hypersensitivity of PARP-/-cells to camptothecin (Fig. 7A) can be related to a functional defect in Tdp1 (Fig. 7B-C) . It is not explained by abnormal levels of Tdp1 or Top1 proteins (Barcelo and Pommier, unpublished). Recently, a novel protein, aprataxin has been found to associate with the XRCC1 complex (Fig. 5B) (119) . Aprataxin is a 342 amino acid protein encoded by the APTX gene whose homozygote mutation produces AOA1 (Ataxia-oculomotor Apraxia; the most common autosomal recessive ataxia in Japan) (120, 121) . AOA1 cells are hypersensitive to camptothecin (122) ( Table 1 ).
There is no pharmacological inhibitor of Tdp1 reported to date. Vanadate and tungstate act as phosphate mimetic in cocrystal structures and block Tdp1 activity at millimolar concentrations (102) . It would, however, be rational to develop Tdp1 inhibitors for cancer treatment in combination with camptothecins. The anticancer activity of Tdp1 inhibitors may prove dependent on the presence of cancerrelated genetic abnormalities, since camptothecin hypersensitivity in Tdp1-defective yeast is conditional for deficiencies in the checkpoint (Rad9) (88, 97, 98) . A Rad9 defect in a Tdp1-deficient background confers marked sensitization to camptothecin (88) , and it is tempting to speculate that Tdp1 is primarily required when the checkpoints are deficient as in the case of the yeast RAD9 mutant. A second group of conditional genes (with respect to Tdp1 deficiencies) includes three sets of genes from the 3'-flap endonuclease pathway: Rad1/Rad10, Mre11/Rad50, and Mus81/Eme1 (88, 97, 98) . Mutation in each of these genes renders Tdp1-deficient cells highly sensitive to camptothecin (see Table  3 ). Hence, colon cancers, which are commonly mutated for Mre11 might be selectively sensitive to the combination of camptothecin with a Tdp1 inhibitor. The potent activity of Tdp1 against a number of artificial substrates (Fig. 6E ) (105) can be used to design high throughput screens (our unpublished observations) (123, 124) , and it is likely that Tdp1 inhibitors will be reported in the near future. (Fig. 5C ) Studies in yeast demonstrate the existence of alternative pathways besides Tdp1 for removing the Top1 covalent complexes. Figure 8 summarizes the multiple endonuclease genetic pathways implicated in the repair of Top1 cleavage complexes (97) (98) (99) .
III. Top1 excision by Endonucleases
Rad1/Rad10 and Slx1/Slx4 appear to function in parallel and redundant pathways with Tdp1 (97-99) (Fig. 8A ). Rad1/Rad10 is the ortholog of the human endonuclease XPF/ERCC1, which cleaves DNA 3' from bulky adduct during nucleotide excision repair (125) . Like Tdp1, Rad1/Rad10 requires a single-stranded gap between the 3'-end to be processed and the 5'-end of the DNA (Fig. 8B) (126) , suggesting that Tdp1 and Rad1/Rad10 share common substrates. SLX1 and SLX4 were originally identified as genes synthetically lethal with mutations in SGS1 and TOP3 (127) . The dimeric complex has strong endonuclease activity with a wide range of substrates (128) , and Slx4/Slx1 appears to function as an alternative pathway in the absence of Tdp1 (99) (Fig. 8) .
Mus81/Mms4 (the ortholog of budding yeast Mms4 is Eme1 in humans and fission yeast -see Tables 3 & 4) preferentially cleaves broken replication forks and requires the presence of duplex DNA near the 3'-end to be processed [see Fig. 8B and Fig. 4B in (78)] (126, 129,  130 ). Mus81-and Rad50-deficient yeasts are highly sensitive to camptothecin (Tables  3 & 4) (98, 99, 126, 129, 131) . The Mre11/Rad50/Xrs2 complex (MRX) (the human orthologs are Mre11/Rad50/Nbs1 [MRN]) preferentially cleaves gapped substrates (Fig. 8B ) and hairpin structures (132) . MRX appears to function independently from the Tdp1 pathway, which is also the case for Mus81/Mms4 and Rad27 (97) (98) (99) (Fig. 8A) . Sae1 is required for the endonuclease activity of MRX, and sae2 deletion strains are among the strains most sensitive to camptothecin (99) . The MRN complex also possesses checkpoint functions, which probably contribute to cell survival in response to camptothecin (97, 98) .
Surprisingly, the 5'-flap endonuclease, Rad27 (the human ortholog is FEN-1) also contributes to the repair of Top1 covalent complexes (Fig. 8) . Deletion of RAD27 causes mild sensitivity to camptothecin (Table 3) (98, 99, 133) . The apparent discrepancy between the established 5'-flap endonuclease activity of Rad27 (FEN-1) and its role in Top1 repair can be explained by a recent study demonstrating that Rad27 in coordination with the Werner syndrome protein and replication protein A (RPA) possesses gap 5'-endonuclease activity (GEN activity) and can process substrates that mimic stalled replication forks. Human FEN-1 is able to rescue the defect in resistance to camptothecin and UV in a yeast FEN-1 null mutant (133) .
The recent yeast genome-wide screen to detect novel genes that are important for protection against growth inhibition and killing produced by camptothecin identified a large number of genes for further exploration (99) . SRS2 was among the most critical genes (98, 99) . SRS2 is a DNA helicase that might contribute to the local unwinding (Fig. 8B ) that would provide access to the endonucleases described above. A number of other genes involved in transcription, replication, ubiquitination and protein degradation await further studies (Table 3) (99, (134) (135) (136) 
E. Checkpoint response to Top1-associated DNA damage
Cellular responses to Top1 poisons determine both tumor response and host toxicity. Efficient repair is probably coupled with checkpoint activation. Cell cycle arrest following checkpoint activation would have two beneficial consequences: 1/ it would give time for the repair of DNA damage; and 2/ it would prevent further replicationdependent DNA damage. Both the Sphase and the G2 checkpoints, as well as the p53/p21 pathways are activated by Top1-mediated DNA damage (57, 138) . Because cell cycle checkpoints are also connected to the apoptosis machinery, it is likely that extensive DNA damage activates apoptosis by involving the same DNA damage sensors and checkpoints (42) . Thus, an exciting challenge is to elucidate the relationships between sensor proteins, checkpoints, DNA repair and apoptosis. Integration of these pathways should explain the cellular determinants of response to Top1 poisons. We will focus on the Chk1 and Chk2 pathways/responses elicited by Top1 poisons, and how defects in these pathways can sensitize tumors to Top1-mediated DNA damage. We will not review the roles of p53, c-Abl, and the stress kinase (JNK/SAPK) pathways, which have been detailed elsewhere (42, 78, 139) .
I. Chk1 activation by camptothecin
Chk1 is an evolutionarily conserved kinase and essential member of the DNA damage checkpoint (140) (141) (142) . Deletion of Chk1 is embryonic lethal with massive apoptosis in stem cells (143, 144) . Chk1 deletion is not lethal in budding and fission yeast or chicken somatic cells (DT40). However, these cells display an inability to recover from replication blockade and are hypersensitive to ionizing radiation (145) (146) (147) . In budding yeast, the upstream kinase Tel1 activates Chk1 in concert with the "9-1-1 PCNA -like" clamp proteins: Rad17, Mec3 and Rad24. Strains defective for the Tel1 or the 9-1-1 clamp proteins are hypersensitive to camptothecin (Table 3) . In xenopus and humans, ATR (the Tel1 ortholog) with the Rad9-Rad1-Hus1 ( "9-1-1") complex regulates Chk1 via phosphorylation. The DNA-binding protein claspin also associates with Chk1 and is required for Chk1 activation (143, (148) (149) (150) (166) . Chk1 can also phosphorylate Rad51 on T309. Rad51 is involved in homologous recombination and provides a link between Chk1 activation, DNA repair and survival after replicative stress (167) .
Camptothecin also induces Chk1 degradation by the ubiquitin-proteosome pathway (168) via the E4 ligase complex containing cullins (Cul1 and Cul4A). Phosphorylation at S345 marks Chk1 for proteolytic degradation and may be indicative of a negative feedback mechanism that may promote the checkpoint termination. Chk1 degradation had been previously suggested to occur via a proteosomal pathway after exposure to geldanamycin, an Hsp90 binding agent that stimulate proteasome-mediated degradation of several other proteins (169). Downregulation of Chk1 by siRNA potentiates the cytotoxicity of camptothecin in cancer cell lines (162, 170) . Consistently, Chk1 inhibition by UCN-01 (7-hydroxystaurosporine) markedly potentiates the cytoxicity of camptothecin via abrogation of the S-phase checkpoint (57) . Preincubation with UCN-01 prevents camptothecin-induced degradation of Cdc25A and cyclin E in a p53-dependent manner, which is consistent with an abrogation of S phase arrest (171) . In another study, concurrent treatment with camptothecins and UCN-01 resulted in Sphase checkpoint abrogation, increased phosphorylation of γ-H2AX (a marker of DNA double strand breaks) and cell killing independently of p53 (172) .
II. Chk2 activation by camptothecin
Chk2 shares no sequence homology with Chk1 [for recent review see (173) ]. Chk2 knockout mice are viable and are defective in p53 stabilization following DNA double-strand breaks (174, 175) . Chk2 functions as a checkpoint and apoptotic kinase after being activated via phosphorylation primarily by ATM (141, 176, 177) , and also by ATR (178), DNA-PK (via interactions with Ku70/80) (179), Polo-like kinases, Plk-1 and Plk-3, (180-184) and TTK/hMPS1 kinases (185) . Following initial phosphorylation on T68, Chk2 undergoes dimerization via the FHA domain of a second Chk2 molecule (186). This interaction is followed by a cascade of autophosphorylation steps on T387/T383 and S516, which are required for full activation of Chk2 [reviewed in (187) and (http://discover.nci.nih.gov/mim/)].
Human kidney embryonic cells expressing anti-sense Chk2 display defective S-phase delay and enhanced cell killing in response to replication-mediated DNA damage induced camptothecin (188) .
Chk2 siRNA experiments also demonstrate a role for Chk2 for cell survival after camptothecin (162) . However, the phenotype of Chk2-deficient cells may depend on the cell type. In cortical neurons, ATM deficiency, but not Chk2 deficiency, attenuates cell death and significantly inhibits the induction of p53 phosphorylation on S15 and p53 levels induced by camptothecin (189) . Further analyses in cells with fully functional replication machinery are warranted to determine the potential role of Chk2 in Top1-induced DNA replication stress. More specifically, the relative roles of ATR and ATM remain to be elucidated. Chk2 is rapidly phosphorylated by ATM in camptothecin-treated cells (190) , and phosphorylated Chk2 forms nuclear foci that are associated with sites of DNA damage marked by 53BP1, γ-H2AX and NBS1 (191) . Camptothecin also reduces the amount of chromatin-associated Chk2, especially the active T68-phosphorylated forms of Chk2 (179) . Soluble Chk2 might be implicated in the transmission of signals to remote chromatin sites from the DNA damage.
Chk2 has a dual role on cell cycle checkpoints and apoptosis via phosphorylation of its downstream substrates including Cdc25A, Cdc25C, p53, BRCA1, E2F1, and PML [reviewed in (173) ] (http://discover.nci.nih.gov/mim/). Chk2 provides an unexplored therapeutic target in cancer cells with inherent defects in G1 checkpoint function. By virtue of Chk2's role in both cell cycle checkpoint regulation and apoptosis, selective inhibition of Chk2 could improve the therapeutic index of DNAdamaging agents such as camptothecin [Reviewed in (173) ]. This may be especially true in p53-deficient tumors where the p53-dependent apoptotic response is deficient. In normal tissues Chk2 may act as a pro-apoptotic effector, thus Chk2 inhibitors may protect normal tissues. However, no clinical agent currently presents selective Chk2 inhibition.
III. Chk1 vs. Chk2 activation by camptothecin and Top1-mediated DNA damage
As discussed above, Top1-induced DNA damage activates both the Chk1 and Chk2 kinases. However, the relative timing of such activations has not been described in detail. Understanding the kinetics of activation of each has the potential for presenting a better target for inhibition in combination with camptothecins. A recent study (192) reported that both Chk1 and Chk2 are rapidly activated following low dose exposure to camptothecin, suggesting concomitant activation of both the ATRChk1 and ATM-Chk2 pathways. Additionally, a deficiency of ATM kinase prevented the activation of Chk2, with no effects on Chk1 activity or the degradation of Cdc25A (192) . The authors proposed that the ATR-Chk1 pathway is sufficient, though not the only pathway, to induce checkpoint-mediated degradation of Cdc25A. One explanation for the ATMindependent analysis might be the cautionary finding of a highly activated ATR-Chk1 pathway in AT cells treated with ionizing radiation (193) . Recent reports identifying multiple phosphorylation sites on Chk1 and Chk2 and their unraveling functions also provide a rationale for further studies that are needed to detail the kinetics of Chk1 and Chk2 activation by camptothecin. Overall, the redundancy in activation of both Chk1 and Chk2 by camptothecin may be indicative of distinct functions for each kinase in collecting, sustaining and deploying the DNA damage signal to its various substrates for favorable use by the cell. Abrogation of these kinases, and consequently the cell cycle arrest checkpoint, thus presents novels opportunities for enhancing drug efficacy.
F. Conclusion and perspective
Studies performed in yeast have provided major insights in the DNA damage and repair of Top1 cleavage complexes. These insights include the demonstration that Top1 is the selective target of camptothecin, the discovery of Tdp1, the identification of genetic defects (in recombination pathways and endonucleases) that sensitize yeast to Top1-mediated DNA damage. It is clear that more lessons remain to be learned from yeast including the roles of chromatin structure, ubiquitin and protein modification pathways. However, not all yeast pathways can be translated to human cells even when the orthologs are present in both. For instance, the Tdp1 mutant in budding yeast is only sensitive to camptothecin if a checkpoint pathway (Rad9) or an endonuclease pathway (Rad1/Rad10) is also defective. By contrast, human cells deficient for Tdp1 (cells from SCAN1 patients) appear to be sensitive with this single alteration. Mus81-deficient yeast is highly sensitive to camptothecin whereas murine Mus81-knockout cells are not. These differences must be related to the "genetic background" of the cells.
The Fig. 3B ). Under normal conditions, the reaction is reversible.
Religation (back arrow from B -> A) is favored over cleavage and requires the alignment of the 5'-hydroxyl-end with the phosphoester tyrosyl-DNA bond for nucleophilic attack.
C. All other human Topo enzymes (Top2 and Top3) have an opposite polarity compared to Top1 (see Fig. 2 ). They form covalent bonds with the 5'-end of the break and generate 3'-hydroxyl ends. Topoisomerases III (Top3α and Top3β) bind as monomers to non-canonical DNA structures (single-stranded DNA) (194) in association with a RecQ helicase (BLM in humans, Sgs-1 in budding yeast, Rhq1 in fission yeast). Top3 has been proposed to resolve double-holiday junctions arising from stalled replication forks (see Fig. 5A and corresponding text). Top3 inhibitors have not been reported. (105) to expose the phosphotyrosyl bond to be attacked (see Fig. 6A-C ). Tdp1 generates a 3'-phosphate DNA end, which needs to be hydrolyzed by polynucleotide kinase phosphatase (PNKP = hPNK). PNKP also catalyzes the phosphorylation of the 5'-end of the DNA. Srs2 helicase is also shown. Abbreviations for effect: HS, S, MS, and CS correspond to hypersensitivity, sensitivity, moderate sensitivity, and conditional sensitivity to camptothecin, respectively. NS: no hypersensitivity.
[a]: rusA suppresses hypersensitivity of Mus81/Eme1 -but does not reverse sensitivity of rqh1 -; rusA also suppresses the lethality of double mutants for Mus81/Eme1 + rqh1 (129) . RusA expressed in budding yeast partially suppresses hypersensitivity to CPT in Mms4-deficient cells (126) .
[b]: Pnk1-cells are hypersensitive to CPT in the absence of additional defects, indicating difference from budding (see [a] ) and importance of this pathway in fission yeast, which like mammals possesses a gene that has both 3'-phosphatase and 5'-kinase activity (112) .
